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Abstract 

Multiple sclerosis (MS)-is a chronic inflammatory disease of the central nervous system (CNS). Autoreactive T cells 
specific for myelin antigens are considered to play a prominent role in the initiation of the local inflammatory response, 
ultimately leading to myelin damage. Several studies indicate that autoreactive T cells are not completely deleted in the 
thymus, but are pan of the normal T cell repertoire. Accidentally activated autoreactive T cells, however, may not 
automatically. lead to autoimmune. disease. Several reports support. the existence of peripheral regulatory networks that 
prevent the activation and expansion of pathogenic T cells. Anti-idiotypic and anti-ergotypic T cells are part of this 
regulatory network and are thought to control autoreactive T cells by recognition of certain clonotypic and ergotypic 
determinants. These clonotypic networks may not function properly in patients with MS. Immunization with attenuated 
autoreactive T cells, termed T cell vaccination (TCV), may enhance or restore the regulatory networks to specifically 
suppress the autoreactive T cells as shown in experimental autoimmune encephalomyelitis (EAE), a commonly used animal 
model for MS. In the past decade, TCV has been tested for MS in several clinical trails. This review summarizes these 
clinical trails and updates our current knowledge on the mode of action of T cell vaccination. 
© 2003 Elsevier B.V. All rights reserved. 
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1. Introduction: the concept of T-cell vaccination 

Multiple sclerosis (MS) is an inflammatory dis- 
ease of the central nervous system (CNS) character- 
ized by focal areas of demyelination in the CNS [1]. 
Autoimmune processes involving myelin reactive T 
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cells are considered to play an essential role in the 
pathogenesis of MS (reviewed by Hellings et al. 
[2]). In vivo activated myelin basic protein (MBP) 
reactive T cells are clonally expanded in blood of 
MS patients, and may persist for many years in 
some patients [3,4]. The activation of MBP reactive 
T cells via molecular mimicry could -be a common 
process, as suggested by the high level of cross- 
reactivity of MBP reactive T cells to various micro- 
bial ligands, even in the absence of any sequence 
homology [5,6].. Accidentally stimulated autoreactive 
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T cells, however, may not automatically lead to 
autoimmunity. Indeed, several observations support 
the existence of a peripheral regulatory network that 
prevents activation or expansion of pathogenic T 
cells [7]. An unbalanced regulatory network may 
lead to suboptimal suppression of activated patho- 
genic T cells and give rise to autoimmunity. Admin- 
istration of attenuated autoreactive T cells as a 
vaccine, 'T cell vaccination', enhances regulatory 
networks to specifically suppress the eliciting autor- 
eactive T cells as shown in experimental autoim- 
mune encephalomyelitis (EAE), an animal model of 
MS [8,9]. 

The concept of T cell vaccination (TCV) is, at 
least partially, analogous to classical vaccination 
against infectious disease. However, the agents to 
be eliminated or neutralized are not foreign microbial 
agents but a pathogenic autoreactive T cell popula- 
tion. Initial experiments in rats demonstrated that 
immunization with attenuated encephalitogenic T 
cells protects naive animals from a subsequent in- 
duction of EAE and induces remission of the disease 
[8]. TCV induces regulatory networks that specifical- 
ly, suppress vaccine T cells- by activating T cells 
specific for a clonotype-specific determinant ('anti- 
idiotypic response 1 ) [9]. Furthermore, after immuni- 
zation with attenuated recently activated T cells, 
'anti-ergotypic responses' were demonstrated by reg- 
ulatory T cells that recognize activation markers on 
the vaccine cells [10]. 



2. Clinical, trials 

Based on the results of successful treatment of 
TCV in animal models, our group conducted a 
pilot trial in a small number of MS patients. Eight 
patients with relapsing-remitting or chronic pro- 
gressive MS were immunized three times with 
activated and subsequently irradiated autologous 
MBP-specific T cell clones at intervals of 2-4 
months [11-13]. This study demonstrated that 
subcutaneous inoculations of autologous vaccine 
clones are well -tolerated and cause no adverse 
effects. Clinical data suggested a moderate clinical 
improvement in five out of eight MS patients with 
respect to reduced rate of exacerbations, stabiliza- 
tion of EDSS scores- and MRI data on brain 



lesions [11]. Adrninistration of the vaccines in- 
duced an anti-idiotypic T cell response, specifically 
recognizing the vaccine clones, accompanied with 
a progressive depletion of circulating MBP-reactive 
T cells in all patients [13,14]. A long-term follow- 
up study revealed that in most of the patients 
MBP-reactive T cells remained undetectable for 
1-2 years after vaccination. After an additional 
period of 1-3 years, MBP-reactive T cells reap- 
peared in five MS patients, which coincided with 
clinical relapses in two patients. The isolated T 
cell clones possessed similar functional properties, 
but had a different clonal origin as compared to 
MBP-reactive T cells identified prior to vaccina- 
tion. In subsequent rounds of TCV, these reappear- 
ing T cell clones could again effectively be 
depleted [15]. More recently, 49 MS patients were 
treated in an extended open label phase I trial to 
study safety, clinical effects and cellular and hu- 
moral immune responses in a larger group of 
patients [16]. Zhang and co-workers carried out 
similar extended preliminary clinical trials using an 
identical protocol in 54 MS patients (28 RR-MS, 
26 SP-MS). These studies confirmed that vaccina- 
tion with MBP-reactive" T Cells ' m'duces"- framune 
responses [17], resulting in the depletion or sup- 
pression of circulating MBP-reactive T cells. Clin- 
ical results indicated that these enhanced immune 
responses coincided with a prolonged time to 
progression in both RR- and SP-MS patients as 
compared with the natural history of MS. Correale, 
Weiner and co-workers performed a TCV pilot trial 
using bovine myelin-reactive T cell lines as vac- 
cines in four SP-MS patients [18]. Immunological 
data showed a progressive decline of circulating 
whole myelin-reactive T cells. After vaccination, 
cytotoxic T cells recognizing the inoculates were 
isolated from the peripheral blood of two MS 
patients. Although these preliminary clinical trials 
provided important clinical indications, the treat- 
ment efficacy must be evaluated in double-blind 
placebo-controlled clinical trials. Currently, there are 
phase I and II trials ongoing or planned in Die- 
■ penbeek, Houston, Los. Angeles, _ Jerusalem and 
Buenos Aires using different vaccination protocols 
(Table 1). These studies will provide further insight 
into the boosted regulatory mechanisms, and sub- 
sequent therapeutic effects, and may provide infer- 
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Table 1 

Overview of human T c 


ell vaccination trials* 










Vaccine composition 


Subjects 


Clinical phase 


Center 


Multiple sclerosis 


Blood derived T-cell lines 
MBP 










RR-MS (7) = 5) 
PP-MS (n-1) 
SP-MS (n = 2) 
RR-MS (n=49) 


I (Completed) [11] 
1 (Completed) [16] 


LUC, Diepenbeek, 
Belgium 

LUC, Diepenbeek, 
Belgium 




MBP peptides 


RR-MS (» = 28) 


n (Completed) [17] 


Baylor College, 
Houston, USA 




Whole bovine myelin 

Hydrolyzed bovine brain 
white matter 
Myelin peptides 

MBP and MOG peptides 


SP-MS (n = 26) 
SP-MS (n=4) 
SP-MS (n = 80) 
CP-MS (n = 40) 

RR-MS (»=30) 

RR-MS (/i = 20) 


I (Completed) [18] 

II (Ongoing) 
I (Ongoing) 

I/Il (Ongoing) 

1/n (Ongoing) 


. USC, Los Angeles, 
USA 

Buenos Aires, 
Argentinia 
Hadassah Hospital, 
Jerusalem, Israel 
Sheba Medical Center, 
Jerusalem, Israel 




CSF-derived T cells 

CSF-derived activated 
CD4. T cells 

CSF-derived activated . . . 
~-CD4 + T cells 


PP-MS(« = 4) 

RR-MS (» -4) 
SP-MS (fi= 1] 
RR-MS (n = 60) 


I (Completed) [44] 

I (Completed) [28] 

II (Ongoing) 


Harvard Medical School, 
Boston, USA 
LUC, Diepenbeek, 

LUC, Diepenbeek, 
Belgium 


Rheumatoid 
Arthritis 


Synovial tissue/fluid 
derived T-cells 


RA (n=13) 


I (Completed) [24] 


University Hospital,' 
Leiden, The Netherlands 


Crohn's Disease 


Gut-derived CD<T T-cells 


CD (« = 2) 


Pilot [26] 


University of Aarhus, 
Denmark 


ADS 


Blood derived T cells 
specific for rCD4 


HTV (n = 7) 


I (Completed) 


Hadassah Hospital, 
Jerusalem, Israel 



* Based on. published data and website www.t-cellvaccination.org. 



mation on the most appropriate protocol for T cell 
vaccination. Whether T cell vaccination should also 
be considered for other T-cell mediated (auto)im- 
mune diseases remains to be studied. However, 
TCV has been proven to be effective in several 
experimental animal models including adjuvant and 
collagen-induced arthritis, type I diabetes, experi- 
mental" autoimmune uveitis and even- skin graft 
rejection [19-23]. Meanwhile, pilot trials in small 
cohorts of patients have been undertaken for rheu- 
matoid arthritis, Crohn's Disease and AIDS [24- 
26] (Table 1). 



3. Vaccine preparation/composition 

In most TCV trials the T cell vaccine is 
composed of blood-derived autologous, activated, 
clonally expanded CD4 + MBP reactive T cell 
clones or lines. It is now widely accepted that T 
cells recognizing myelin components other than 
MBP mayalso contribute to the disease process 
in MS (reviewed in Hellings" et al. [2]). Proteolipid 
protein (PLP) and myelin oligodendrocyt protein 
(MOG) may also play an important role as candi- 
date myelin antigens in the autoimmune mediated 
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cerebrospinal fluid 




feeders, and IL-2 (5 
7-8 days (ACTIVATION) 



VACCINE CHARACTERIZATION 
O Phenotype 

O T cell reactivity to MBP, PLP, MOG 

□ TCR expression profile 

□ Th typing ( intracellular FACS) 



FREEZING FOR 
SUBSEQUENT 
IMMUNIZATIONS 



IRRADIATION 

AND 
IMMUNIZATION 



of current protocol for vaccine preparation. 



demyelination. Incorporating T cell populations 
specific for these autoantigens in the vaccine 
may improve the effectiveness of the current 
TCV protocol. However, technically it is almost 
impossible to generate T cell clones specific for 
three different myelin antigens with the current 
protocol design. We, therefore decided to explore 
the possibility to use IL-2 expanded CD4 T 
lymphocytes from CSF as vaccine. Activated my- 
elin reactive T cells accumulate in CSF of patients 
with MS, and low dose IL-2 stimulation can be 
used to expand these cells from CSF [27]. More- 
over, CSF lymphocytes better reflect the repertoire 
of inflammatory cells infiltrating the parenchyma 
and they may contain infiltrating pathogenic cells 
relevant to the disease process because of its 
proximity to the target organ in MS. To study 
safety, feasibility and immune effects of TCV, we 
conducted a pilot clinical trial of TCV with 
activated CD4 + T cells derived from CSF in five 
MS -patients (4 RR, 1 CP)- [28]. CSF lymphocytes . 
weip cultured . in the presence of rIL-2 and deplet- 
ed for CD8. cells (Fig. 1). After 5-8 weeks CSF 
T-cell lines (TCL) were almost pure TCRct|5 + CD4 + 
cells of the Thl/ThO type. The TCL showed 



reactivity to MBP MOG and/or PLP as tested 
% by Elispofand had a- restricted clonality. Three 
immunizations with irradiated CSF vaccines (10 
million cells) were administered at intervals of 2 
months. The vaccinations were well tolerated and 
no toxicity or adverse effects were reported. Pro- 
liferative responses against the CSF vaccine were 
observed in three to five patients. Anti-ergotypic 
responses were observed in four to five patients. 
Anti-MBP/PLP/MOG reactivities remained low or 
were reduced in all patients. Based on these 
results, we recently initiated . a double-blind place- 
bo-controlled trial with 60 MS patients to study 
the effects of TCV with CSF-derived vaccines in 
early RR MS patients. 

A possible drawback of the CSF protocol is that 
the T cell vaccine is not as well characterized as 
compared to the classical vaccine preparation. Al- 
though our data indicate that the CSF cultures have 
a restricted clonal profile and show reactivity to 
multiple myelin antigens [28], we cannot exclude 
the presence of activated CD4 + T cells specific for 
other antigens. In addition, the CSF cultures used in 
our protocol are positive for IL-2Ra (CD25), which 
might mislead one to think that regulatory T cells 
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(Treg cells) may be present in the cultures. Howev- 
er, while CD25 + Treg cells are highly anergic and 
have suppressive activity, our cultures showed nei- 
ther of these characteristics (unpublished results). 
Other groups also optimized the vaccine composi- 
tion by including potentially relevant pathogenic T- 
cell populations (Table 1). One approach taken is 
the use of whole (bovine) myelin or a mixture of 
different myelin peptides to generate vaccine T cell 
lines [18,29]. Other groups have taken an approach 
comparable to ours by isolating pathogenic T cells 
from the place closest to. the disease site: gut- 
derived T cells for Crohn's disease or synovial T 
cells for rheumatoid arthritis [24,26]. Our growing 
knowledge on the autoreactive T cell subsets poten- 
tially involved in the MS pathogenesis will help us 
to further improve the composition of the T cell 
vaccines. 

4. Mode of action: the complexity of anti-vaccine 
responses 

Although the exact, mechanisms by which T 
cell Vaccination ameliorates autoimmune disease in 
animal models remain unclear, indirect evidence 
suggests that the anti-vaccine T cell responses 
specifically target the immunizing T cell clones by 
recognition of a clonotype specific determinant ('the 
idiotype'), most likely the T cell receptor (TCR) 
[9,19]. In addition to these anti-idiotypic T cell 
responses, other regulatory mechanisms are thought 
to contribute to the protective immunity induced by T 
cell vaccination. Cohen and colleagues observed that 
anti-clonotypic T cells might possibly induce autor- 
eactive T cells to shift from Thl to Th2 [30]. Lohse et 
al. further demonstrated that anti-ergotypic T cell 
responses directed at activation markers ('the ergo- 
tope') may partially account for the suppression of 
activated autoreactive T cells after vaccination [10]. In 
addition, T cell vaccination in EAE was shown to 
induce humoral responses that inhibited the prolifer- 
ation of vaccine cells [31]. Taken together, these 
findings reveal that TCV in EAE induces a complex 
immune response that results in the neutralization of 
pathogenic T cells. 

Little is known about the mechanism of T cell 
vaccination in MS. We have previously described 



both anti-clonotypic and anti-ergotypic T cell 
responses to the vaccine clones in vaccinated patients 
[13,14]. However, it is possible that other cell subsets 
including B-cells and 78* T cells are involved in the 
suppression or down regulation of autoreactive T 
cells after T cell vaccination. In this part we summa- 
rize the currently available data on TCV-induced 
immune responses in MS, thus providing further 
insight into the mechanism of T Cell vaccination 
(see Fig. 2). 

4.1. Anti-idiotypic T-cell responses 

Our studies indicated that CD8 + anti-clonotypic 
T cells isolated from vaccinated MS patients 
showed cytotoxic and inhibitory activity towards 
the immunizing MBP reactive T cells in a MHC 
class I restricted way [13,14]. Anti-clonotypic T 
cells may recognize TCR determinants within the 
hypervariable CDR3 (complementarity-determining 
region 3) region or less variable CDR2 regions, 
as predicted by characteristic sequence diversity 
within these regions [14,32,33]. In addition, Van- 
denbark et al. have demonstrated that CD4 + T cells 
can be stimulated by TCR peptides presented., in 
the context of MHC class II molecules [34]. The 
anti-TCR peptide T cells described by these 
authors produce high levels of IL-10 and may 
induce bystander suppression of circulating MBP 
reactive T-cell clones as demonstrated in in vitro 
experiments [34]. 

There are several models that explain how the 
idiotypic determinants of target TCR are presented 
to and recognized by anti-idiotypic T cells. Endog- 
enous TCR peptides can be presented by self-MHC 
(I and II) to anti-idiotypic T cells [35,36]. There is 
experimental evidence indicating that peptides of 
surface molecules are presented by MHC class I 
molecules [37]. Accordingly, TCR-peptides could 
be generated during normal, protein turnover of 
endogenously produced clone specific T cell recep- 
tors. Alternatively, TCR proteins could be taken up 
from degenerating T cells by antigen-presenting 
cells, such as macrophages, processed and dis- 
played on the macrophage surface in MHC class- 
II-bound form. Both of these presentation pathways 
may be involved since our data and previous 
reports suggested that T cell (receptor) vaccination 
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Antigen presenting cell 
(macrophage/dendritic cell) 



Fig. 2. Complexity of anti-vaccine responses induced by TCV. See tex 
response. 

induces both CD8 + MHC class I restricted and 
CD4 + MHC class II restricted anti-idiotypic T cells 
[12,34]. 

4.2. Anti-ergotypic T-cell responses 

Anti-ergotypic T cells have also been indicated to 
be important in TCV-induced immune responses. 
Anti-ergotypic T cells are .less well characterized 
and react with an unknown marker commonly 
expressed on the surface of activated T cells [10]. 
TCV in EAE is. only effective when the vaccine cells _ 
are activated. Moreover, adoptive transfer of anti- 
ergotypic T cell lines could downregulate EAE [38]. 
These findings highlight the involvement of anti- 
ergotypic responses in the protective effects of TCV. 



>r detailed information on the different components of the anti-vaccine 



Cytokine receptors including CD25 (IL-2R) and 
TNPR have been identified as candidate targets of 
anti-ergotypic T-T interactions [38]. Attempts to 
characterize anti-ergotypic T cells have been ham- 
pered by their poor in vitro growth characteristics. 
Short-term anti-ergotypic lines isolated from vacci- 
nated MS patients have a mixed phenotype (both 
CD4 + and CD8 + cells) and recognize activated T 
cells both via MHC restricted and non-MHC restrict- 
ed mechanisms. Moreover they were able to secrete 
IFN-y, TNF-a but not TGF-p. [39]. The exact mode 
of action, however, remains elusive. Our previous . 
TCV trials demonstrated that TCV induces long-term 
immune responses in a clonotype specific manner 
[14]. In addition, we found increasing anti-ergotypic 
proliferative responses after each round of vaccina- 
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tion [13,28]. However, this anti-ergotypic response 
was transient since it declined only a few months 
after the last vaccination. A further characterization 
of the cell types involved in these non-specific 
responses will help us understand their actual role 
in the mechanisms of TCV. 

4.3. Humoral responses 

In view of the observations that anti-lymphocyte 
antibodies play a major role in the protective effects of 
T cell vaccination in EAE [31], we performed a 
detailed evaluation of the humoral responses to vac- 
cine cells in patients treated with T cell vaccination. 
The presence of antibodies was evaluated in serum of 
vaccinated patients which could either bind to living 
vaccine cells (by flow-cytometry) or bind to protein 
extracts made from vaccine clones (by Western blot- 
ting). In addition, the effects of serum antibodies on 
antigen specific proliferation of the vaccine clones 
were studied. No major antibody responses were 
observed towards the vaccine clones in vaccinated 
patients [16]. Although a low level of antibody 
reactivity against the vaccine was found in one 
patient, the humoral responses are clearly less impor- 
tant in T cell vaccination as compared to the anti- 
vaccine antibody responses in EAE. A recent study 
found more pronounced humoral responses specific 
for lymphocyte components including TCR epitopes 
[40]. Further studies need to resolve whether different 
routes of administration cause the discrepancies be- 
tween human and animal experiments, and whether 
the use of adjuvants may increase the antibody 
responses against the vaccine in patients. However, 
the successful depletion of autoreactive T cells even in 
the absence of an efficient antibody response suggests 
that humoral responses to T cell vaccination may not 
be necessary to induce protective effects in humans. 

4.4. Other lymphocyte subsets 

It is possible that other lymphocyte populations 
also are involved in the suppression or down regula- 
tion of autoreactive T cells after T cell vaccination. 
For instance, we showed that 78 T cells respond to 
vaccine cells and may thus play a role in the regula- 
tion of autoreactive T cells by T cell-T cell interactions 
or by the secretion of soluble factors [41]. Several 



vaccinated patients showed an in vivo enrichment of 
76 T cells. These 78 T cells reacted to activated T cells 
and may thus be partly responsible for the above 
mentioned anti-ergotypic responses. We extended 
these studies in a group of 49 MS patients to charac- 
terize the cellular responses that are induced by T cell 
vaccination. The phenotypic characteristics of short- 
term anti-vaccine cultures indicated that CD4 + T cells, 
CD8 + T cells but also CD4~ CD8~ cells respond to 
the vaccine [16]. Our data suggest that TCR a0 + 
CD8 + T cells display the most important direct anti- 
idiotypic effects towards the vaccine clones, while 
CD4 + T cells are the predominant cytokine producers 
upon stimulation with the vaccine cells. In addition, 
several other lymphocyte populations including 78 T 
cells and NK cells are expanded upon stimulation 
with the vaccine. Recently, a defective function of 
regulatory cells -including CD4CD25 + Treg cells and 
NKT-cells- have been ascribed to be potentially re- 
sponsible for insufficient controlling of peripheral 
autoimmune responses [42,43]. Recently, Vandenbark 
and coworkers indicated that vaccination with TCR- 
peptides leads to a boosting of anti-TCR T cells that 
show very similar characteristics to the CD4CD25 + 
Tregs (personal communications). Whether.TGV may- 
be able to restore these regulatory T cell subsets 
remains to be studied. It is possible that the 
CD4CD25 + Treg cells take part in the complex anti- 
vaccine responses mentioned above. 



5. Mode of action: concluding remarks 

In conclusion, immunization with attenuated autor- 
eactive T cells induces a complex cellular response 
specifically targeted at the vaccine cells. In addition to 
the anti-idiotypic and anti-ergotypic T cells, several 
uncommon lymphocyte populations including 78 T 
cells and NK cells are also expanded upon stimulation 
with the vaccine, suggesting that these cells may also 
play a role in immunoregulatory T-T cell interactions. 
While our T cell vaccination protocol does not seem to 
induce major antibody responses, other studies found 
more pronounced humoral responses. Further studies 
are necessary to resolve if any of the above mentioned 
components of the complex anti-vaccine response are 
sufficient to induce the protective effects seen after 
TCV. This may in turn lead to the development of more 
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simplified therapies aimed at specifically boosting one 
of the specific subsets of cells. 
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Take-home messages 

• T cell vaccination (TCV) is an experimental immu- 
notherapy for multiple sclerosis in which patients 
are immunized with attenuated autologous autor- 
eactive T cells. 

• T cell vaccination aims at inducing regulatory 
immune " responses to : downregulate potentially 
pathogenic autoreactive T cells. 

• Different lymphocyte subsets including CD4 + and 
CD8 + T cells, B cells and •y5 + T cells contribute to 
the complex immune response induced by TCV. 

• Clinical trials are ongoing in different centers and 
will help to further elucidate the mode of action of 
T cell vaccination and improve the composition of 
T cell vaccines. 

■ T cell vaccination may be applicable in a wide 
range of T cell mediated immune diseases including 
MS, rheumatoid arthritis,: Crohn's disease and graft 
rejection. ■ 
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Nasal instillation of myelin basic protein in experimental autoimmune encephalomyelitis 
Whereas mucosal treatment with antigens tend' to down-regulate disease, Melo et al. (J Autoimmun 
2004^22:13) report exacerbation of murine experimental autoimmune encephalomyelitis (EAE) following 
nasal instillation of guinea pig myelin basic protein (MBP). There was a tendency towards exacerbation of 
subsequent disease in animals if they were nasally exposed to MBP-during the neonatal period, -compared*) 
later exposure during adulthood. However, at 11 months of age this tendency to exacerbate disease course- 
disappeared. It is unknown whether such exposure early in life has similar consequences in humans. 



